Parallel evolution occurs when a similar trait emerges in independent evolutionary lineages. Although changes in protein coding and gene transcription have been investigated as underlying mechanisms for parallel evolution, parallel changes in chromatin structure have never been reported. Here, Saccharomyces cerevisiae and a distantly related yeast species, Dekkera bruxellensis, are investigated because both species have independently evolved the capacity of aerobic fermentation. By profiling and comparing genome sequences, transcriptomic landscapes, and chromatin structures, we revealed that parallel changes in nucleosome occupancy in the promoter regions of mitochondria-localized genes led to concerted suppression of mitochondrial functions by glucose, which can explain the metabolic convergence in these two independent yeast species. Further investigation indicated that similar mutational processes in the promoter regions of these genes in the two independent evolutionary lineages underlay the parallel changes in chromatin structure. Our results indicate that, despite several hundred million years of separation, parallel changes in chromatin structure, can be an important adaptation mechanism for different organisms. Due to the important role of chromatin structure changes in regulating gene expression and organism phenotypes, the novel mechanism revealed in this study could be a general phenomenon contributing to parallel adaptation in nature.
Introduction
Similar traits can emerge in independent evolutionary lineages. This parallel phenotypic evolution has attracted scientist's interest since Darwin's time (Stern 2013) . Illustrating the underlying mechanisms for parallel phenotypic evolution remains a fascinating task, due to the low likelihood of having similar mutation and selection processes in independent evolutionary lineages (Orr 2005; Losos 2011 ). Some compelling evidence indicated that parallel evolution can be associated with the recurrence of similar evolutionary changes of amino acids (Zhen et al. 2012; Zou and Zhang 2015) , gene copy number (Denoeud et al. 2014; Haran et al. 2015; Liebeskind et al. 2015) , and gene regulation (Frankel et al. 2012; Gallant et al. 2014; Nagy et al. 2014) . Independent chromatin structure changes driving parallel evolution have never been reported.
Yeasts provide unique model systems to study gene regulation evolution, due to the advanced knowledge of their biology and exceptionally powerful genetics and genomics tools (Brem et al. 2002; Gu and Stephen 2009; Dunham and Louis 2011; Hittinger 2013; Metzger et al. 2015; Bergen et al. 2016) . It has been speculated that with the expansion of fruit plants at the end of the Cretaceous period, species in the Saccharomyces lineage evolved a novel trait of aerobic fermentation to survive in an environment with abundant fermentable fruits (Hagman and Pi skur 2015) . Even under aerobic conditions, these yeast species can rapidly ferment glucose into ethanol, which can be used to inhibit other competing microorganisms. Upon glucose depletion, the accumulated ethanol is consumed as a carbon source for growth. Several lines of evidence indicated that the primary factors leading the evolution of aerobic fermentation in the Saccharomyces lineage was involving several successive molecular events (Hagman et al. 2013) , including the loss of the respiratory Complex I (Dujon 2010) , the horizontal transfer of dihydroorotate dehydrogenase URA1 (Gojkovi c et al. 2004) , the whole genome duplication (WGD) event around 100 Ma (Dujon et al. 2004; Merico et al. 2007; Jiang et al. 2008; Replansky et al. 2008) , and loss of a specific cis-regulatory element (Ihmels et al. 2005) . Besides, after the WGD event, extra copies of key glycolytic enzymes (Conant and Wolfe 2006) , and novel mechanisms in posttranscriptional (Jiang et al. 2010 ) and chromatin structure regulation (Field et al. 2009; Tsankov et al. 2010 ) also emerged to govern aerobic fermentation.
Interestingly, aerobic fermentation has also been observed in some evolutionarily independent yeast lineages. Among them, some Dekkera species, such as D. bruxellensis, often occupy rich glucose environments similar to Saccharomyces, and tend to accumulate ethanol during growth (Renouf et al. 2006) . On the other hand, Kluyveromyces lactis, a relative of Saccharomyces that did not undergo WGD, performs respiratory metabolism in rich glucose conditions, as does Brettanomyces custersianus, a close relative of D. bruxellensis. Based on the phylogenetic relationship, the Brettanomyces/Dekkera (B/D) lineage diverged from the Kluyveromyces/Saccharomyces (K/S) about 300 Ma, long before WGD (Pi skur et al. 2012) . It is therefore intriguing to investigate how a similar aerobic fermentative phenotype could have independently evolved in lineages leading to S. cerevisiae and D. bruxellensis. Gene annotation of D. bruxellensis indicated that respiratory Complex I was preserved, and that the horizontal transfer of URA1 gene was not found in the species (Pi skur et al. 2012) . It has been shown that a similar loss of a specific cis-regulatory element from dozens of respiration-associated genes occurred in both S. cerevisiae and D. bruxellensis (Rozpędowska et al. 2010) .
In this study, we made a systematic investigation for the possible mechanisms underlying the evolution of aerobic fermentation in both linages by profiling and comparing genome sequences, transcriptomic landscapes, and chromatin structures in two independent evolutionary lineages. We first examined whether the evolution of aerobic fermentation in the D. bruxellensis lineage was related to an independent WGD event and/or similar gene duplication events as those in S. cerevisiae. We then compared the gene transcription profiles for both K/S and B/D linages under fermentative and nonfermentative growth conditions and demonstrated a parallel gene regulation pattern for genes functioning in mitochondria in these two lineages. We further profiled genome-wide map of nucleosome occupancy in different species to investigate the correlation between chromatin structure and gene regulation evolution, and investigated the underlying genome sequence changes that might be responsible for the chromatin structure evolution.
Results and Discussion
Based on the phylogenetic relationship, the Brettanomyces/ Dekkera (B/D) lineage diverged from the Kluyveromyces/ Saccharomyces (K/S) about 300 Ma, long before WGD ( fig. 1A) . We took advantage of this yeast system to investigate functional genomic changes underlying parallel evolution, because both S. cerevisiae and D. bruxellensis prefer to accumulate ethanol during growth, and their respective relatives, K. lactis, and B. custersianus, perform respiratory metabolism in rich glucose conditions ( fig. 1A and B) .
To investigate whether the evolution of aerobic fermentation in the B/D lineage was related to an independent WGD event, we sequenced the genomes of D. bruxellensis and B. custersianus (supplementary table 1, Supplementary Material online) and exploited a synteny-based method to analyze whether any WGD event can be observed in the B/D lineage (Langkjaer et al. 2003; Kellis et al. 2004) . By comparison with the genomes of K. lactis and S. cerevisiae, we found that $3,161 orthologous gene families were conserved across both (K/S and B/D) lineages ( fig. 1C ). All one-to-two synteny blocks across the K/S and B/D lineages were detected based on these conserved orthologous genes ( fig. 1D, supplementary In S. cerevisiae more metabolic fluxes flow into fermentation than to respiration when glucose is abundant even in the aerobic growth condition; and the genes important for respiration are repressed by glucose (Conant and Wolfe 2006) . In order to investigate gene transcription in the two B/D species, we conducted RNA-Seq experiments to profile gene expression for both B/D species under fermentative (YPD) and nonfermentative growth media (YPEG). By comparing gene expression under these two growth conditions, we discovered that, similar to S. cerevisiae, respiratory genes are also repressed by glucose in D. bruxellensis. For example, the key enzymes aldehyde dehydrogenase (ALD) and acetyl-coA synthase (ACS), which guide metabolic precursors into respiration, were expressed at lower levels in YPD than in YPEG, indicating less metabolic fluxes into respiration in YPD in D. bruxellensis ( fig. 2A ). In contrast, both ALD and ACS genes in B. custersianus had higher expression levels in YPD than in YPEG, indicating that glucose tends to be metabolized by mitochondrial respiration in YPD. Indeed, most D. bruxellensis genes from the TCA cycle had lower expression in YPD than in YPEG, whereas the opposite is true for B. custersianus ( fig. 2A) .
Although D. bruxellensis is more closely related to B. custersianus, the transcription pattern of genes encoded by nuclear genome but localized to mitochondria (hereafter called mitochondrial genes) is more similar to S. cerevisiae ( fig . The latter is consistent with a need for fast growth under high glucose conditions. Furthermore, genes encoding five complexes of electron transport chain (ETC), including complex I, which is absent in K/S but present in B/D, showed significant down-regulation in D. bruxellensis under fermentative growth (supplementary fig. 3 , Supplementary Material online). Of particular interest, succinate dehydrogenase, which catalyzes the first step in ETC, was down-regulated $5-10-fold in both D. bruxellensis and S. cerevisiae. These results indicate that transcription of mitochondrial gene has undergone parallel evolution to be suppressed by glucose in both species.
Chromatin organization often plays a key role in regulation of gene expression (Yuan et al. 2005 ). The evolution of aerobic fermentation in the Saccharomyces lineage was coupled with nucleosome occupancy changes at the upstream regions of mitochondrial genes (Field et al. 2009 ). In particular, the promoters of mitochondrial genes have relatively closed (nucleosome-occupied) chromatin in S. cerevisiae and other postWGD yeast species (Tsankov et al. 2010) . In order to further investigate the correlation between gene expression and chromatin structure evolution, we conducted MNaseseq (Micrococcal Nuclease) to obtain a genome-wide view of nucleosome occupancy in both B/D species. By comparing the nucleosome density at the upstream regions of all functionally annotated genes, we found that promoters of mitochondrial genes were mostly enriched with significantly different nucleosome density between D. bruxellensis and B. custersianus (P ¼ 5 Â 10
À5
, rank sum test). In B. custersianus, the nucleosome occupancy of the mitochondrial gene promoters is significantly lower than the genomic background but is similar to those of growth-associated genes, MBE which is consistent with the fact that high mitochondrial respiration is needed during fast growth in this species. The same pattern of nucleosome occupancy has been observed in K. lactis ( fig. 3A) . In contrast, pattern of chromatin regulation in D. bruxellensis is similar to S. cerevisiae, with nucleosome occupancy in the mitochondrial gene promoters significantly higher than that in the growth-associated genes (P ¼ 2.5 Â 10 ). Furthermore, most mitochondrial gene subsets in both species do not have significant difference in nucleosome occupancy from the genomic background (supplementary table 4, Supplementary Material online). Our results argue convincingly that parallel chromatin structure changes have occurred in D. bruxellensis and S. cerevisiae, which likely underlie the observed suppression of mitochondrial genes during fermentative growth.
We further searched for genes showing parallel changes with increased nucleosome occupancy and suppressed gene expression in YPD for D. bruxellensis and S. cerevisiae. Interestingly, mitochondrial genes are significantly enriched in this category (P ¼ 6 Â 10 À15 , hypergeometric test). As shown in supplementary fig. 5 , Supplementary Material online, these genes have higher nucleosome occupancy in D. bruxellensis and S. cerevisiae than their orthologs in B. custersianus and K. lactis. Expression levels of these genes are also lower in YPD than in YPEG in D. bruxellensis and S. cerevisiae, but the opposite is seen for their orthologs in B. custersianus and K. lactis.
Nucleosome occupancy is largely determined by DNA sequence context (Segal et al. 2006) . To further illustrate the evolutionary events that underlay our observation, we analyzed the upstream sequences of all genes in the four studied species. Indeed, our results confirmed that in general AT-rich elements in these regions are significantly less occupied by nucleosomes ("open" state) comparing to all other possible elements in four yeast species (supplementary fig. 6 , Supplementary Material online). Interestingly, we found that these elements are enriched in the upstream of growth-associated genes in all four yeast species, but absent in the corresponding regions of mitochondrial genes in both D. bruxellensis and S. cerevisiae (fig. 4) 
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The fact that mitochondrial genes are suppressed in the presence of glucose in both species might underlie their aerobic fermentative phenotypes. Nevertheless, the glucose repression of mitochondrial function in these two species might be just another level of molecular phenotype that was caused by mutation and selection. The similar mutational processes leading to depletion of AT-rich elements in the upstream region of mitochondrial genes in D. bruxellensis and S. cerevisiae should be the ultimate reason underlying parallel evolution of nucleosome occupancy, and thus contributed to the aerobic fermentation phenotypes in these two species. It is important to appreciate that the global mutational process leading to the observed AT content change in many independent promoter regions would be a slow process. The timing and the relative importance of this mutational process during the emergence of aerobic fermentation in various yeast species remain to be further investigated.
Conclusion
In summary, our results reveal that parallel changes in chromatin structure driven by DNA mutations in the promoter regions of mitochondrial genes have been independently selected in both D. bruxellensis and S. cerevisiae, although they diverged several hundred million years ago. It is important to note that multiple mechanisms are responsible for glucose suppression of mitochondrial function in S. cerevisiae (Santangelo 2006) . Investigating the evolution of this wellcharacterized regulatory phenotype provides an interesting opportunity to understand the evolution of these regulatory mechanisms. It will be as interesting to further investigate how convergent and divergent mechanisms evolved in independent lineages leading to D. bruxellensis and S. cerevisiae for glucose repression of mitochondrial functions. The current work is the first study demonstrating that parallel evolution in chromatin structure that were caused by DNA mutations can FIG. 3 . Parallel evolution of nucleosome occupancy in D. bruxellensis and S. cerevisiae. The y axis represents average nucleosome occupancy at each position for mitochondrial genes (red line), growth associated genes (blue line), and all genes (green line), respectively. The x axis represents distance to the start codon. The P values on each side of the triangles correspond to the significance of the difference in average nucleosome occupancy at NFR between the two gene sets at each vertex.
Cheng et al. . doi:10.1093/molbev/msx220 MBE enable convergent metabolic adaptation in two yeast species. Due to the critical role of chromatin structure in gene regulation, it is important to further investigate whether the novel insights observed in this study can be generalized in understanding parallel evolution in nature.
Materials and Methods

Carbon Metabolism
All yeast strains were precultured in YPD for 2 days. The cells from the preinoculum were then washed and used to inoculate a defined mineral medium with glucose (20 g/l) as carbon source, with an initial OD 600 about 0.1. All strains were cultured at 30 C and 220 rpm for 2 days. The concentrations of glucose, ethanol, and acetic acid in the supernatants were determined by high-performance liquid chromatography (HPLC) with an Agilent 1260 Infinity (Agilent Technologies, Germany) equipped with a G1362A refractive index detector, and an Aminex HPX-87 H column (Bio-Rad). 5 mM H 2 SO 4 was used as a mobile phase with a constant flow rate of 0.6 ml/min. All samples were analyzed in triplicate.
Genome Sequencing
We performed genome sequencing on two selected Dekkera strains: Y881-Dekkera bruxellensis CBS 2796 (aerobic-fermentation competent) and Y893-Brettanomyces custersianus CBS 4805 (aerobic-fermentation incompetent). Whole genome sequencing was performed using the Illumina GA II (Illumina Inc., U.S.A.) by generating multiplexed paired-end libraries with an average insert size of 500 bp. A base-calling pipeline (Solexa Pipeline-version 1.0) was used to process the raw fluorescent images and call sequences. For each strain, raw short-read sequences were assembled de novo using SOAPdenovo (Luo et al. 2012) . To evaluate the single base accuracy of the assembled genome sequences, all raw reads were mapped onto the scaffolds using SOAPaligner (Gu et al. 2013) .
Transcriptome Sequencing
For both selected yeast species, two RNA samples were obtained while growing under fermentative (YPD) and nonfermentative (YPEG) conditions. Yeast cells during exponential growth were collected by centrifugation and immediately frozen in liquid nitrogen. Total RNA was isolated with TRIzol reagent (Invitrogen) as previously described (Tian et al. 2009 ) and further treated with DNase I (RNeasy Mini Kit, QIAGEN). RNA concentration was measured by Nanodrop, and RNA integrity was checked by agarose gel electrophoresis.
RNA-Seq was performed using the Illumina GA II platform, and expression levels were measured as RPKM calculated by Tophat and Cufflinks (Trapnell et al. 2009 (Trapnell et al. , 2012 . Relative gene expression was measured by the ratio ( fig. 2A ) and logarithm (log2) of the ratio ( fig. 2B ) of expression in YPD compared with expression in YPEG. For multi-copy genes, relative gene expression was measured as the average across all copies. 
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Gene Prediction and Annotation
Genes in the two yeast genomes were predicted by a combination of Genemark (Lukashin and Borodovsky 1998) , Augustus (Stanke et al. 2004 ) and reads from transcriptome sequencing. Predicted genes from Genemark and Augustus were used to construct homologous groups among D. bruxellensis, B. custersianus, K. lactis and S. cerevisiae using OrthoMCL (Li et al. 2003) . Genes in the best homologous groups were considered as the final gene set in the two Brettanomyces/Dekkera yeast strains. After gene prediction, most genes were functionally annotated based on the S. cerevisiae homolog, whereas the remaining genes were annotated by blastp (Altschul et al. 1990 ) against nr and KEGG (Kanehisa et al. 2008 ).
Functional Gene Set Selection
We searched for all GO gene sets (including all biological processes, molecular functions and cellular components) in S. cerevisiae, and retained 1,795 gene sets based on two criteria: 1) the probability of the same gene occurring in two different gene sets was <90%; 2) the number of genes in a gene set was larger than 10, and <500. Based on the similar procedure by Field et al. (2009) , we also defined three categories of gene sets: mitochondrion-, growth-, and conditionassociated gene sets, which included 57 (786 genes), 58 (1, 782 genes), and 31(959 genes) GO subsets, respectively.
Identification of Synteny Blocks
We conducted a synteny-based method to analyze whether any WGD event can be observed in the B/D lineage (Langkjaer et al. 2003; Kellis et al. 2004 ). For two species (species1 as a potential preWGD species, species2 as a potential postWGD species), we first screened for all potential homologous pairs between them by blastp (E-value < 1e-10). Neighboring gene pairs (<15 intervening genes in the genome) were then concatenated into conserved synteny gene blocks by an iterative process, with each block containing at least four gene pairs. Finally, the two genomes were related by a 1:2 mapping, with each block of species1 corresponding to two blocks of species2 (the two blocks in species2 are then defined as a sister block), as expected for a potential whole-genome duplication. If a WGD occurred between species1 and species2, we expect to find significantly more 1:2 conserved synteny blocks than between two preWGD species. Specifically, we count the number of genes in blocks (BlockGenes) and sister-blocks (SistersBlockGenes) in supplementary table 2, Supplementary Material online, and use the P-value associated with the ratio of the two as a measure of possible WGD.
Nucleosome Sequencing in Two Yeast Strains
Mono-nucleosomes were extracted from log-phase B. custersianus and D. bruxellensis cells by four steps. Two independent replicates were used for each species. 1) Protoplast preparation: formaldehyde was applied to cells for crosslinking, and cells were then collected using centrifuge (3,900 Â g, 5 min), washed twice in 1Â Phosphate Buffered Saline (PBS Buffer), and pelleted. Cells were then resuspended in Zymolyase buffer (1 M sorbitol, 50 mM Tris-HCl at pH 7.4, and 10 mM b-Mercaptoethanol) for cell wall digestion with zymolyase-100 T. Spheroplasts were then pelleted and resuspended in NP buffer (1 M sorbitol, 50 mM NaCl, 10 mM TrisHCl at pH 7.4, 5 mM MgCl 2 , 1 mM CaCl 2 and 0.075% Nonidet P40, and 500 lM spermidine). 2) Extraction of nucleosome DNA: Micrococcal nuclease (MNase) was added to a final concentration of 1 U MNase/sample. Samples were incubated at 37 C for 30 min, and the digestion reactions stopped by adding SDS to a final concentration of 1% and EDTA to a final concentration of 10 mM. 5 ll of proteinase K solution was added to each tube. To reverse the formaldehyde cross-links, samples were incubated at 65 C overnight. Samples were extracted with 1 volume phenol/chloroform-IAA and centrifuged at room temperature for 15 min. DNA was precipitated with 2-propanol and washed with 70% ethanol. The pellet was dried at room temperature. 10 ll sterile ddH 2 O was added to the pellet. DNA was then treated with 1 ll RNase A (1 mg/ml) at 37 C for 30 min. 3) Assessment of nucleic acid purity, mononucleosomal DNA fragments and MNase digestion level: We calculated the ratio of A 260 /A 280 and A 260 /A 230 , and carried out electrophoresis on a 2% agarose gel. 4) Sequencing libraries were generated using a KAPA library preparation kit (KK8200, Illumina Series).
Samples (Four MNase-seq replicates) were prepared for paired-end sequencing using the Illumina GA II platform. The raw sequencing data was processed with four steps. 1) All MNase-seq reads were filtered for read quality <20, and adapter sequences were removed by FASTX-toolkits; 2) The remaining reads were mapped to the corresponding genome by Bowtie2 (Langmead and Salzberg 2012) ; 3) Reads were filtered for <2 base mismatches; and 4) Nucleosome occupancy for each site in the genome was measured using the probability density of reads calculated by parzen window kernel density estimation (Albert et al. 2007) . Nucleosome data on K. lactis and S. cerevisiae was obtained from (Tsankov et al. 2010) .
The definition of NFR occupancy was taken from Field et al. (2009) , which used the lowest average nucleosome occupancy across any 140 base pair region in the 300 base pairs upstream of the translation start site. In order to compare different nucleosome patterns among different species, NFR occupancy for each gene in a species was normalized with mean 0 and standard deviation 1.
Detecting Genes with Parallel Changes between D. bruxellensis and S. cerevisiae
We first identified genes which had higher nucleosome occupancy at NFR in D. bruxellensis and S. cerevisiae than in B. custersianus and K. lactis. We then identified genes that have suppressed expression in YPD (lower expression in YPD than in YPEG) in D. bruxellensis and S. cerevisiae but not in B. custersianus and K. lactis. These two sets were intersected to obtain the potential genes which have parallel changes of increased nucleosome occupancy in the promoter regions and glucose suppression between D. bruxellensis and S. cerevisiae. 
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Detecting at-Rich Elements at the Upstream Regions
We detected all nonoverlapping AT-rich elements at the 400 bp upstream region of each gene by the Perl string matching with a pattern "/A þ TþjA{6,}jT{6,}/". We requested that 1) the element with a minimum base number 6; 2) the element with the one-or nonalternating "A" and "T", and the continuous "A" was before continuous "T", such as "AAAAAT", "AATTTTTTT", "AAAATTTTTT", and so on. The location of each element was recorded for the following analysis.
We assumed that the number of AT-rich elements at the upstream regions followed a Poisson distribution. In a gene set, such as mitochondrion-associated genes, we tested whether the number of AT-rich elements in the gene set was significantly greater than the background level. We built a null hypothesis H 0 : the number followed a Poisson distribution with an average k0 ¼ N M ÂK/N, where N M and N are the number of mitochondrion-associated genes and all genes, respectively; K is the number of AT-rich elements at the upstream regions of all genes. We then calculated the Pvalue ¼ P(X ! K M j X $ Poisson distribution with an average k0), where K M is the number of AT-rich elements at the upstream regions of mitochondrion-associated genes.
Accession Codes
The genome sequencing project has been deposited at DDBJ/ ENA/GenBank under the accession MDGX00000000 (D. bruxellensis) and MDVK00000000 (B. custersianus). All raw RNASeq data has been submitted to the Sequence Read Archive of NCBI under BioProject number PRJNA335438.
Supplementary Material
Supplementary data are available at Molecular Biology and Evolution online.
